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ABSTRACT
We present a theoretical model aimed at explaining the IRX-β relation for high red-
shift (z >∼ 5) galaxies. Recent observations (Capak et al. 2015; Bouwens et al. 2016)
have shown that early Lyman Break Galaxies, although characterized by a large UV
attenuation (e.g. flat UV β slopes), show a striking FIR deficit, i.e. they are “infrared-
dark”. This marked deviation from the local IRX-β relation can be explained by the
larger molecular gas content of these systems. While dust in the diffuse ISM attains
relatively high temperatures (Td ' 45 K for typical size a = 0.1µm; smaller grains can
reach Td
>∼ 60 K), a sizable fraction of the dust mass is embedded in dense gas, and
therefore remains cold. If confirmed, the FIR deficit might represent a novel, powerful
indicator of the molecular content of high-z galaxies which can be used to pre-select
candidates for follow-up deep CO observations. Thus, high-z CO line searches with
ALMA might be much more promising than currently thought.
Key words: dust, extinction – galaxies: evolution – galaxies: high-redshift – galaxies:
ISM.
1 MOTIVATION
Dust grains are a fundamental constituent of the interstel-
lar medium (ISM) of galaxies. A large fraction (≈ 50% in
the Milky Way) of the heavy elements produced by nucle-
osynthetic processes in stellar interiors can be locked into
these solid particles. They are vital elements of the ISM
multiphase gas life-cycle and key species for star forma-
tion, as they catalyze the formation of molecules on their
surfaces. Most relevant here, they efficiently absorb opti-
cal/ultraviolet (UV) stellar light, by which they are heated,
and re-emit this energy as longer (far-infrared, FIR) wave-
length radiation that can freely escape from the galaxy. It
is then natural to expect a tight relation between the UV
“deficit” and the IR excess produced by this process.
Indeed such correlation, called the IRX-β relation
(Meurer et al. 1995, 1999; Calzetti 2000; Takeuchi et al.
2012; Grasha et al. 2013), links the UV spectral slope (de-
fined as ∝ λβ) with the FIR excess, i.e. the ratio between
the total FIR and ≈ 1500 A˚ UV fluxes, FFIR/FUV . Such
relation has been extensively applied to the local Universe,
and more recently extended to redshift z ≈ 2 (Reddy et al.
2012; A´lvarez-Ma´rquez et al. 2016; Fujimoto et al. 2016).
The relation has proven to be very robust, at least for star-
burst galaxies, and useful as it allows to estimate the total
UV attenuation. Conversely, if the intrinsic and observed β
values are known, one can derive the expected total FIR
luminosity.
The presence of dust at high (z >∼ 6) redshift implies
that conventional dust sources (AGB and evolved stars) are
not the dominant contributors. This is because their evo-
lutionary timescales are close or exceed the Hubble time at
that epoch (≈ 1 Gyr). Following the original proposal by To-
dini & Ferrara (2001), it is now believed that the first cosmic
dust were formed in the supernova ejecta ending the evo-
lution of much more fast-evolving massive stars (Hirashita
& Ferrara 2002; Nozawa et al. 2007; Bianchi & Schneider
2007; Gall et al. 2011). For similar reasons the standard
grain growth suffered by grains during their residence time
in molecular clouds (MC) of contemporary galaxies cannot
increase the amount of dust by considerable amounts (Fer-
rara et al. 2016). Thus, albeit quasar host galaxies show re-
markably high dust masses (Beelen et al. 2006; Micha lowski
et al. 2010), in general the dust-to-gas ratio towards high-
redshift rapidly decreases (Dunlop 2013) as also witnessed
by the observed steepening of early galaxies UV spectra.
This does not come as a complete surprise given that the
average metallicity of the Universe increases with time.
Ferrara et al. (1999) (for a recent calculation see da
Cunha et al. (2013)) noticed another important feature of
high-z dust. Due to the redshift increase of CMB tempera-
ture, TCMB = T0(1 + z) K with T0 = 2.725, the FIR signal
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from dust becomes increasingly swamped by the CMB. At
z = 6, for example, TCMB = 19.07 K; as usually dust temper-
atures in the diffuse ISM of galaxies are in the range 20−40
K, the effect cannot be neglected. Even more dramatic, if
not complete, might be the suppression of the signal from
dust in dense regions (e.g. molecular clouds) where the dust
is in thermal equilibrium with the CMB.
In the light of these physical ideas, here we intend to re-
visit the interpretation of recent dust detections at redshift
z >∼ 5. The superb sensitivity of the ALMA interferometry
has allowed to detect the FIR signal of a handful of Lyman
Break Galaxies (LBGs) for which HST rest-frame UV pho-
tometry (and hence a β determination) is available (Capak
et al. 2015). This experiment has reported a puzzling devi-
ation of detected LBGs from the more local IRX-β relation.
In practice, these galaxies, although characterized by rela-
tively flat β ≈ −1 values, indicative of non-negligible dust
attenuation, show a noticeable FIR deficit, i.e. they are rel-
atively “infrared-dark”.
Such suggested deficit has been strongly reinforced by
an even more recent report by the ASPECS survey (Bouwens
et al. 2016). The authors have performed deep 1.2 mm-
continuum observations of the Hubble Ultra Deep Field
(HUDF) to probe dust-enshrouded star formation from 330
LBGs spanning the redshift range z = 2 − 10. The striking
result is that the expectation from the Meurer IRX-β rela-
tion at z = 4 was to detect at least 35 galaxies. Instead, the
experiment only provided 6 tentative detections (in the most
massive galaxies of the sample). Clearly, redshift evolution
either of the dust temperature and/or mass must play a key
role. Understanding this behavior is the central aim of the
present study1.
An exception to the above scenario is the puzzling case
of A1689-zD1 (Watson et al. 2015; Knudsen et al. 2016),
a z = 7.5 ± 0.2 gravitationally-lensed LBG for which the
thermal dust emission has been detected by ALMA. The
large FIR flux LFIR = (6.2± 0.8)× 1010 L is indicative of
considerable amounts of dust, consistent with a Milky Way
dust-to-gas ratio. The rest-frame UV slope is estimated to
be β = −2± 0.1.
In this paper we propose a novel idea to explain the
physics behind the IRX-β relation evolution. Moreover, we
will introduce a new indicator which can be used to infer the
molecular mass of early galaxies in a regime where classical
tracers as CO emission lines might be unavailable, difficult
to obtain, or affected by increasing uncertainties (as, e.g.,
the CO-to-H2 conversion factor).
2 DUST MASS DERIVATION
Assume that the intrinsic UV galaxy emission spectrum is
F iλ ∝ λβ
i
. Such spectrum is modulated by the dust extinc-
tion curve via the optical depth τλ Then, the emerging (i.e.
1 Throughout the paper, we assume a flat Universe with the fol-
lowing cosmological parameters: Ωm = 0.308, ΩΛ = 1 − Ωm =
0.692, and Ωb = 0.048, where ΩM, ΩΛ, Ωb are the total matter,
vacuum, and baryonic densities, in units of the critical density,
and h is the Hubble constant in units of 100 km/s (Planck Col-
laboration et al. 2015).
observed) spectrum is simply given by F eλ ∝ F iλe−τλ . Write
the definition of the observed UV slope β as
β =
logF eλ1 − logF eλ2
log λ1 − log λ2 , (1)
where (λ1, λ2) = (1600, 2500) A˚. From this definition it is
straightforward to obtain a relation between β, βi, and the
standard V-band optical depth τV :
β = βi −
(
τλ1
τV
− τλ2
τV
)
τV
log e
log(λ1/λ2)
, (2)
where the optical depths are normalized to the value at the
V band (5500 A˚). We adopt the SMC extinction curve as it
often used as a representative of a curve with a steep wave-
length dependence (e.g. Capak et al. 2015); if we adopt a
flatter extinction curve, the requirements on the “infrared-
dark” dust component obtained in this paper should be
taken as lower bounds. For the SMC curve given by Gor-
don et al. (2003), it is (τλ1/τV , τλ2/τV ) = (4.4, 2.5); then
τV = 0.25(β − βi).
We now show that β can be simply linked to the dust
mass per unit area, Σd, in the galaxy. Recall that AV =
1.086τV , and then write the following equality:
AV
Σd
=
AV
NH
NH
Σd
, (3)
where NH is the total hydrogen column density on the
galaxy. Adopt Weingartner & Draine (2001) grain size dis-
tribution which has been shown to reproduce (among oth-
ers) the SMC extinction curve. This study finds that for the
SMC AV /NH = 6.2× 10−23cm2. They also obtain the total
grain volumes, Vg (Vs), per H-atom in the carbonaceous (sili-
cate) populations, normalized to their abundance/depletion-
limited values (0.518, 0.745)×10−27 cm−3H−1 carbonaceous
and silicate grains, respectively. In these units Weingart-
ner & Draine (2001) find (Vg, Vs) = (0.254, 1.308). Take the
material density of carbonaceous and silicate grains to be
(δg, δs) = (2.24, 3.5) cm
−3. By summing the mass of the two
species, we obtain Σd/NH = 3.7 × 10−27g H−1 with a sili-
cate/carbonaceous mass ratio ≈ 11 : 1.
By substituting the previous expressions into eq. (3),
we finally obtain
AV
Σd
= 3.49× 10−6mag
(
M
kpc2
)−1
. (4)
Combine this expression with the β − τV relation to obtain
Σd = 7.62× 104(β − βi) M
kpc2
. (5)
The intrinsic slope appropriate for z >∼ 5 − 6 galaxies is
βi = −2.5 (Bouwens et al. 2014), although some uncertainty
remains. Such value enters only as an offset (see eq. 2) in
our curves and does not effect any of the qualitative conclu-
sions drawn here. Thus, we will use this value for numerical
estimates from now on.
3 DUST TEMPERATURE DERIVATION
Energy absorbed by dust from UV radiation is rapidly
thermalized. Grains attain an equilibrium temperature, Td,
which typically implies re-emission in the FIR. The grain
temperature depends on its radius, a, absorption/emission
c© 2012 RAS, MNRAS 000, 1–8
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coefficients, and UV flux; it can be computed by balancing
the rate of energy absorption, E˙+, with that of emission,
E˙−. The former can be written as
E˙j+ =
∫ 4000 A˚
912 A˚
pia2Qjabs(λ, a)Σ˙λdλ, (6)
where Qjabs(λ, a) is the dust absorption coefficient (taken
from Draine & Lee (1984)), and j = c, s (i.e., carbona-
ceous, silicate). Note that the grain size distribution, dN/da
is different for carbonaceous and silicate grains (see be-
low). LyC photons (λ < 912 A˚) are readily absorbed by
HI; those with λ > 4000 A˚ contribute negligibly to grain
heating in actively star-forming systems (Buat & Xu 1996).
Finally, Σ˙λ is the specific UV surface luminosity
2, Σ˙λ =
L1600(λ/1600 A˚)
βi/pir2d. The radius rd is the “effective” ex-
tent of dust distribution and we take it as ∝ re. Both re
and rd are obtained from averaging over the galaxies in
the Capak sample, further assuming that rd is traced by
[C II ]158µm line emission. We define both radii as one half
of the geometric mean of the minor and major axes, as mea-
sured. For the 8 galaxies for which both the angular sizes
of [C II ]158µm and UV emitting regions have been deter-
mined, the average is rd/re = 1.7.
The grain will radiate energy at a rate given by
E˙j+ =
∫ ∞
0
4piκjλ(
4
3
pia3δj)Bλ(Td) dλ, (7)
where Bλ(Td) is the Planck function. Write the FIR ab-
sorption coefficient as κλ = κ158(λ/λ158)
βd , where κ158 =
1.90 × 1012 Hz (Draine & Lee (1984)) is the appropriate
value for carbonaceous/silicate grains at 158 µm. The equi-
librium temperature, Td(a, β, Σ˙λ), can then be obtained by
imposing E˙+ = E˙−.
The results are shown in Fig. 1 as a function
of grain radius and for range UV surface luminosity
(log(λΣ˙λ/Lkpc−2) = 10.02+0.65−0.75 at 1600 A˚) deduced from
the Capak galaxy sample3. For conciseness, we present re-
sults for the silicate grains, the dominant species; differences
with carbonaceous grains are minor anyway. We define as
“standard” the curve corresponding to the mean values of
the UV surface luminosity. We find that in the standard
case typical grains (a ≈ 0.1µm) have temperatures Td ' 45
K, but smaller grains can reach Td >∼ 60 K. As expected,
instead, larger grains are colder. Temperatures from about
30− 60 K for a = 0.1µm are found as a result of a UV field
intensity variation of a factor 24, roughly consistent with a
temperature dependence (Σ˙λ)
1/6. Obviously, large intensi-
ties produce hotter dust.
We emphasize, in agreement with the findings by
Be´thermin et al. (2015), the important point that dust in
high-z galaxies is substantially hotter than observed locally.
2 We assume that L1600 corresponds to the observed specific lu-
minosity. This is slightly inconsistent as the radiation field inside
the galaxy is somewhat higher, being modulated by dust absorp-
tion itself. Here, we neglect this complication as in most cases
of interest τV  1. Moreover, as shown later, the IRX does not
depend on the UV field adopted.
3 We have removed from the sample the galaxy HZ5 known to
be a X-ray detected quasar
Figure 1. Temperature of silicate dust grains residing in the
ISM as a function of grain radius. The solid curve is the standard
case, corresponding to the mean Σ˙λ values measured in the Capak
sample. Dashed lines and the enclosed shaded region represent the
full variation range of the UV luminosity (see text for values).
This temperature increase is caused by the larger star for-
mation rate per unit areas characterizing early systems, and
correspondingly higher UV surface luminosities.
3.1 Dust in molecular clouds
The previous calculation applies to dust located in the dif-
fuse ISM. Grains embedded in MCs are considerably colder.
This is because, due to the much higher gas density, they
can effectively self-shield against UV radiation. For exam-
ple, dust temperatures in the MW molecular cloud typically
do not exceed 20 K (Stutz et al. 2010; Lippok et al. 2016).
At high-z, though, the CMB temperature sets a minimum
temperature floor which is comparable to or higher than
that. Thus. Td drops from the ISM values calculated above
to TCMB at sufficiently high optical depths inside the cloud.
To model Td as a function of radius, we start by defin-
ing the properties of a typical MC. Some insight can be
gained from the Larson relation (Larson 1981) which states
that cloud sizes are related to their velocity dispersion as
σ ∝ L0.38. When combined with the virial equilibrium hy-
pothesis and another scaling relation between density, n, and
size, n ∝ L−1.1, the relation implies that the cloud columns
density, NH = nL ∝ L−0.1 ≈ const. The fiducial value for
MW clouds is NH = 10
22 cm−2 (Schneider et al. 2016), but
±1 dex variations around this value have been observed. We
model MCs as (critical) Bonnor-Ebert (BE) spheres of mass
MBE = 1.18
c4s
p
1/2
0 G
3/2
(8)
where the ISM external pressure, p0 = ρ0c
2
s corresponds to
a sound speed cs. Given the BE profile, the key quantity is
the column density, NH , of absorbing material penetrated
by the UV radiation impinging on the cloud. In Appendix A
we show that NH measured from the cloud surface (r = r0)
c© 2012 RAS, MNRAS 000, 1–8
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to radius 0 6 r 6 r0 is
NH(r) = 10
22
(
p0/kB
103 cm−3K
)1/2
(tan−1 a− tan−1 ax) cm−2.
(9)
where x = r/r0. Note that NH is purely depending on pres-
sure, and that increasing pressure values decrease the cloud
mass at constant temperature (i.e. sound speed).
Having defined MC properties, the temperature calcu-
lation is the same as in the ISM case, with the only difference
that we need to replace Σ˙λ in eq. 6 with Σ˙λe
−τλ to account
for the attenuation of the UV field as it propagates into the
MC. The optical depth is written as
τλ = NH
∑
j
∫ amax
amin
pia2Qjabs(λ, a)
dnj
da
(a)da; (10)
the grain size distribution, dnj/da (j = c, s), is normalized
to a given dust-to-gas ratio, D:∑
j
∫ amax
amin
4
3
pia3δj
dnj
da
(a)da = µmpD. (11)
Again, we use the Weingartner & Draine (2001) size distri-
bution with amin = 10 A˚, and amax = 1µm, as prescribed
by the Weingartner & Draine (2001) model. It is useful to
introduce the mass absorption coefficient,
κλ =
∑
j
∫ amax
amin
pia2Qjabs(λ, a)
dnj
da
(a)da
µmHD . (12)
Then the optical depth is simply written as τλ =
κλµmpDNH = κλΣd; µ = 1.22 is the mean molecular weight
of the gas. Finally, we takeD = 0.01, i.e. similar to the MIlky
Way value. This is a reasonable assumption as in the star
forming regions of early (z = 6− 7) galaxies the metallicity
is Z >∼ 0.1Z (Pallottini et al. 2014). In addition, we assume
that D is the same in the two phases, as suggested by several
arguments (Goldsmith et al. 1997; Dobashi et al. 2008).
We pause for a remark. So far we have adopted the
same grain size distribution for dust residing in the ISM
and in MCs. This is clearly an oversimplification. In reality,
due to coagulation and grain growth by accretion of gas
phase metals, the distribution is likely to be more skewed
towards larger grains. As a result, the Td values calculated
here should be interpreted as upper limits; grains in MCs
are likely to be somewhat colder, and their IR emission even
more depressed. However, a full treatment of these complex
and uncertain processes is outside the scope of the present
work and is left to future study.
As a final step, we need to correct the previously com-
puted temperatures to include CMB heating. The effect of
CMB is to provide an extra heating term which does not
allow grains to cool below the CMB temperature. The cor-
rected temperature is then (da Cunha et al. 2013)
T ′d =
{
T
4+βd
d + T
4+βd
0 [(1 + z)
4+βd − 1]}1/(4+βd), (13)
where T ′d is the actual temperature of dust including CMB
effects. Clearly, such effects are sub-dominant (but not negli-
gible) as far as ISM dust is concerned (unless star formation
rates and UV luminosities are very small), but they can be-
come dramatic in MCs where a large fraction of the dust
grains reaches thermal equilibrium with the CMB, causing
a drop of its emission, as discussed in the following.
Figure 2. Upper panel: Temperature of a = 0.1µm silicate dust
grains residing in MC as a function of depth inside the cloud mea-
sured by the hydrogen column density, NH . The solid curves rep-
resent the standard case, while the dashed lines and the enclosed
shaded region represent the full variation range of the UV lumi-
nosity as shown. The thick and thin lines show the dust tempera-
tures including and excluding CMB heating, respectively. Lower:
Fraction of the total cloud mass located at a depth larger than
a given NH value depending on the ISM pressure values given in
the inset.
The results are shown in Fig. 2. Note that in this case,
Td depends not only on a and Σ˙λ, but also on the grain
location, measured by the gas column density, within the
cloud. Grains located closer to (far from) the cloud surface
attain higher (lower) temperatures. For simplicity, we show
in Fig. 2 the results for a silicate grain of the typical ra-
dius a = 0.1µm. As in Fig. 1 we explore the full range of
Σ˙λ values. Without including the CMB correction, the grain
temperature drops from the ISM values find before to very
low values, <∼ 10 K, for NH >∼ 3 − 4 × 1022cm−2 for any
value of the UV field. However, once CMB (we compute it
at z = 5.48, the mean redshift of the Capak galaxy sample)
is included, grains cannot become colder than the CMB pho-
ton temperature. This is seen as a flattening of the curves
beyond NH = 10
22cm−2. Note that the CMB effect becomes
important at progressively lower NH as redshift increases.
For example at z = 7, dust shielded by column densities
as low as NH >∼ 3 × 1021cm−2 sets to the CMB tempera-
ture floor. Temperature differences between carbonaceous
and silicate grains are negligible. Considering the 11:1 mass
predominance of silicates, we will not differentiate between
the two as far as the IR emission is concerned.
3.2 Infrared emission by dust
Having computed the temperature of dust grains both in the
ISM and in MC interiors as a function of grain size, absorb-
ing gas column density, and galaxy surface star formation
rate we can now predict the integrated infrared emission en-
tering the IRX-β relation. The total dust emission is the sum
c© 2012 RAS, MNRAS 000, 1–8
The infrared-dark dust content of high redshift galaxies 5
Figure 3. Restframe far-infrared Spectral Energy Distribution
per dust mass of a typical LBG for different values of the ISM
pressure (affecting the emission of molecular clouds). The “dif-
fuse” ISM case (solid line), i.e. no molecular clouds, is indepen-
dent of pressure. The dotted, dashed, dot-dashed, and dot-dot-
dot-dashed lines show cases with different ISM pressure, 103, 104,
105, and 106 cm−3 K, respectively, for the molecular cloud com-
ponent (µ = 1).
of the ISM and MC components, weighted by the molecular
gas mass fraction, µ = MH2/Mg, where Mg is the total (i.e.
H2 + HI), gas content of the galaxy.
The intrinsic rest-frame luminosity per unit dust mass
(erg s−1 g−1) in a galaxy at redshift z is
Liλ = 4pi
[
µκλ〈Bλ(T ′d)〉MC + (1− µ)κλ〈Bλ(T ′d)〉ISM
]
,
(14)
where we have implicitly assumed that the sub-mm optical
depth is  1. The emission for MC is weighted on the dust
mass as a function of temperature (see Fig. 2) and integrated
over the grain size distribution. For the ISM it is simply
integrated over dn/da. We integrate Liλ from 8 to 1000 µm
rest-frame to get the total FIR luminosity per unit mass, Li.
From this procedure we compute the FIR Spectral En-
ergy Distribution (SED) shown in Fig. 3. In the case in which
the ISM is only made by the diffuse components, we expect
a peak luminosity per unit dust mass of about 105L. Such
maximum is located at λ ≈ 40µm, reflecting the moderately
high dust temperatures that we found above. As a fraction
of the ISM dust is stored into MCs, the FIR emission de-
pends on ISM pressure, which regulates MC properties (see
eq. 9). As pressure is increased (Fig. 3, curves for µ = 1),
NH becomes larger, shielding a progressively higher frac-
tion of the dust mass from UV radiation and heating. As a
consequence, the SED drops by three orders of magnitude
for p0/kB = 10
6 cm−3K, and slightly shifts to longer wave-
lengths.
In addition to modifying the dust temperature, the
CMB introduces a second important effect. As the dust emis-
sion is observed against the CMB, the intensity of the latter
must be subtracted out. Assuming that the observed wave-
length corresponds to λ0 (i.e. the observed wavelength is re-
lated the intrinsic one, λ, by λ0 = λ(1 + z)), the subtraction
of the CMB diminishes fraction Bλ(TCMB)/(Liλ/4piκ) of the
dust emission (da Cunha et al. 2013). Then the observable
luminosity after the subtraction of the CMB at wavelength
λ0 is
Lo =
[
1− Bλ(TCMB)
Bλ(T ′d)
]
Li. (15)
4 THE IRX-β RELATION
The final step is to combine the FIR emission calculated
above with the β value to get the IRX-β relation. In prac-
tice, this entails computing for a given β the dust surface
density via equation (5) to get the total FIR surface lumi-
nosity ΣdLo. This is subsequently normalized to the specific
UV surface luminosity, Σ˙λ exp(−τ1600). The curves in the
IRX-β plane are independent on Σ˙λ. This is because the
dust IR emission is calculated consistently with the incident
UV field. The results are shown in Fig. 4 for a pressure value
p0/kB = 10
6 cm−3K consistent with those found in the cen-
tral regions of simulated z = 6 galaxies (Gallerani et al.
(2016); Pallottini et al. in prep.).
We start by noting that our model for the purely dif-
fuse ISM case (solid line in Fig. 4) reproduces very well
the empirically-derived IRX-β curve for the SMC extinction
curve (consistent with our assumption) shown in Capak et
al. (2015). This is not a trivial result in itself, as it lends the-
oretical support to such observational relation. Note that the
low-β drop-off of the curve is set by the assumed intrinsic
spectral slope, which we have assumed4 to be βi = −2.5.
The diffuse (µ = 0) curve sets essentially an upper
bound to the IRX value. However, at a fixed β > βi, lower
IRX values can be obtained (and indeed observed, see Ca-
pak et al. 2015, Bouwens et al. 2016, Fujimoto et al. in prep.;
see data points in Fig. 4 ). These correspond to galaxies
in which a certain fraction 0 < µ 6 1 of their gas is in
dense, molecular form. For example, these selected values of
the molecular fraction µ = (0, 0.5, 0.9, 1) yield, for β = −1,
log(IRX) = (0.65, 0.3,−0.3,−1.0), corresponding to a total
variation of a factor 47. Clearly, as the lowest IRX value
(IRX=0.1) corresponds to the limiting case in which all the
dust is located in shielded molecular clouds, it must be in-
terpreted as a lower bound. The IRX variation interval due
to the “hidden dust” effect we are advocating become even
larger for smaller β, and it spans about a factor 100 at
β = −2. Note that all the measured data points and up-
per limits nicely fall in between the 0 < µ < 1 curves. This
is a successful consistency test of the model.
Hence, the molecular content of the galaxy has a strong
impact on the dust continuum emission for any value of β,
and noticeably also for galaxies whose dust content is not
very large (small β). It follows that it could become increas-
ingly important at high-z. The interesting feature is that
the suppression of the FIR emission from such systems has
already been reported in the literature, rising thorny ques-
tions about the standard interpretation in which molecular
clouds are not considered. ISM pressure plays a key role;
4 We warn that the uncertainty in βi makes it difficult to put
firm constraints on the precise value of µ. However, µ affects the
IRX–β relation also for β ≈ βi, indicating that MC effects cannot
be neglected even for low-extinction objects.
c© 2012 RAS, MNRAS 000, 1–8
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while CMB introduces variations 6 50% in the IRX rela-
tion, its effects is subdominant with respect to the shielding
suffered by dust in MCs. We conclude that the present model
offers a simple and physical explanation for the experimental
evidence.
As one of the major finding of this work is that the dust
temperature in high-z galaxies is higher than locally, an al-
ternative scenario for the explanation of the FIR deficit can
also be considered, as pointed out by Ouchi et al. (1999);
Bouwens et al. (2016). Essentially, a biased-low dust tem-
perature assumption would imply a lower luminosity, and
therefore a lower IRX value. On the contrary, higher lu-
minosities would arise from hotter dust. According to this
scenario, in case of hotter dust the observational data points
could be shifted upward by some amount and become more
consistent with the SMC relation. Indeed, this is a possibil-
ity envisaged by our model for the µ = 0 case (no molec-
ular gas, all dust is hot and in the diffuse ISM phase). If
dense clouds exist, though, they would decrease the mass-
weighted dust temperature, essentially justifying the current
flux-luminosity conversion using Td = 35 K. These two sce-
narios have distinct predictions (see next paragraph) that
can be tested with, e.g. sub-mm observations.
A very relevant outcome of the present model is the
huge sensitivity of the IRX-β relation to µ. As galaxies with
a larger molecular content should be characterized by a lower
IRX, our model suggests an interesting way to pre-select
candidates for molecular studies at high-z studies. So far, no
normal (LBG or LAE) galaxy has been observed at z > 5.
Such an experiment is very challenging, and the only two
LAEs (HCM 6A, IOK-1) at z ≈ 6.5 for which deep CO(1-0)
observations have been attempted (Wagg et al. 2009) have
provided only upper limits. However, with the capabilities
of ALMA such experiments are now becoming not only pos-
sible, but also very urgent to complement other FIR emis-
sion lines recently observed, e.g. Maiolino et al. (2015); In-
oue et al. (2016). Enabling the study of the molecular com-
ponent of these early galaxies via, e.g. high-J lines of the
CO molecule, is a fundamental step to understand many
of their peculiar properties. By selecting β and IRX values
maximizing the molecular fraction µ shown in Fig. 4, one
can efficiently and reliably pre-select suitable candidates for
follow-up ALMA observations.
5 CONCLUSIONS
We have presented a dust extinction and FIR emission model
that is aimed at explaining the IRX-β relation for high red-
shift (z >∼ 5) galaxies. We have first derived the dust mass
vs. UV spectral slope, β relation. Then the temperature of
grains exposed to the typical range of internal UV field in-
tensities of z ' 6 LBG galaxies has been computed. Such cal-
culation allows for attenuation of the UV flux inside molec-
ular clouds and account for the CMB effects both for what
concerns dust temperature and dust continuum suppression.
When combined, these two results allow to predict the ex-
pected IRX-β relation (assuming a SMC extinction curve)
and compare it with recent data.
A key result is that our model reproduces extremely well
(essentially without free parameters) the striking FIR deficit
observed, showing that these early systems are “infrared-
Figure 4. IRX-β relation (assuming a SMC extinction curve) cor-
responding to an ISM pressure p0/kB = 10
6 K cm−3 and dust-to-
gas ratio D = 0.01. Curves refer to different values of the molecu-
lar gas fraction, µ = 0, 0.5, 0.9, and 1 for the solid, dotted, dashed,
and dot-dashed lines, respectively. The case µ = 0 corresponds to
diffuse ISM only, i.e. no molecular component, while µ = 1 cor-
responds to the fully molecular case. Points represent data from
Capak et al. (2015) (squares) for LBGs at z = 5–6, Bouwens et al.
(2016) (diamonds) at z = 4–10 in the Hubble Ultra Deep Field
(HUDF) (2 σ upper limits after stacking), and Fujimoto et al., in
prep. (triangles) at z = 5–9 in the HUDF (2 σ upper limits after
stacking). Data points assume Td = 35 K.
dark”. We suggest that the deficit is caused by an increasing
molecular gas content of these systems. While dust residing
in the diffuse ISM attains large temperatures (Td ' 45 K for
typical size a = 0.1µm; smaller grains can reach Td >∼ 60 K)
due to presence of intense interstellar UV fields (Be´thermin
et al. 2015), dust located in molecular clouds becomes very
cold (but not colder than the CMB). As galaxies with a
larger molecular content should be characterized by a lower
IRX, our model suggests an interesting way to pre-select
candidates for molecular studies at high-z studies. In other
words, for a given value of β, we predict that the galaxies
with the largest molecular content are those characterized
by the lower IRX values. That is, IRX anti-correlates with
the molecular fraction, µ. Thus, searching for CO line emis-
sion (and perhaps H2 lines directly with, e.g., SPICA
5) from
high-z galaxies with ALMA might be much more promising
than currently thought.
A first attempt along these lines has been presented by
Riechers et al. (2014) who observed the LBG galaxy HZ6
(IRX = 0.38, β = −1.13), also part of the Capak sam-
ple. The authors observed HZ6 with the VLA in search for
CO(J = 2 − 1) line emission, obtaining an approximate 3σ
limit of < 0.03 Jy km s−1. However, higher-J transitions,
like the CO(6-5), detectable with ALMA, are expected to
be considerably more luminous (Vallini et al. 2016).
If successful these experiments could provide a funda-
mental insight on the highly debated processes of dust for-
mation and growth (Ferrara et al. 2016), on the evolution of
5 www.ir.isas.jaxa.jp/SPICA/
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the molecular content of galaxies (Genzel et al. 2015) and
the relationship between the two.
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APPENDIX A
We derive here the molecular cloud density profile. We as-
sume that this follow the Bonnor-Ebert solution for an
isothermal hydrostatic cloud with external pressure, p0 =
ρ0c
2
s (see eq. 8), which can be well approximated by a flat
central core (of radius rc and density ρc) + a r
−2 density
profile:
ρ(r) =
2λ˜ρc
1 + (r/rc)2
; (16)
we also allow for a numerical constant λ˜ = 3.63 to normalize
the cloud column density to the observed mean value NH =
1022 cm−2 (Schneider et al. 2016). The stability condition
of a BE sphere requires that the central density is ζ = ρc/ρ0
times that at the outer edge, r0, with ζ = 14.1. This fixes
the outer/core radius ratio to r0/rc =
√
2ζ − 1 = α. Impose
that the mass of the cloud, Mc, equals the Bonnor-Ebert
one (see eq. 8),
MBE ≈ 0.9×104
( cs
1 km s−1
)( p0/kB
103 cm−3K
)−1/2
M, (17)
at the outer cloud radius, r0:
4pi
∫ r0
0
ρ(r)r2dr = 1.18
c3s
ρ
1/2
0 G
3/2
. (18)
This equation can be solved to yield r0 (and therefore the
core radius from the previously derived ratio). The outer
radius is only function of the external properties of the ISM,
and it can be written as
r0 =
[
1.18
8piζλ
α3
(α− arctanα)
]1/3
cs√
Gρ0
= 0.497
cs√
Gρ0
≈ 10
( cs
1 km s−1
)( n0
10 cm−3
)−1/2
pc. (19)
The above fiducial values of cs and n0 appropriate for the
Cold Neutral Medium (CNM) of the MW give a consistent
pressure p/kB = 1159 cm
−3 K and MBE = 0.8× 104M.
It is important to note that to compute the dust tem-
perature in the molecular clouds, the key quantity is the
column density of absorbing material penetrated by the UV
radiation impinging on the cloud. Following the previous
results, the gas column density measured from the cloud
surface (r = r0) to radius 0 6 r 6 r0 is
NH(r) =
∫ r
r0
ρ(r)
µmp
dr. (20)
Thus, the column density is purely a function of pressure.
Numerically, this corresponds to
NH(r) = 10
22
(
p0/kB
103 cm−3K
)1/2
(tan−1 α−tan−1 αx) cm−2.
(21)
with x = r/r0.
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